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INTRODUCTION
In view of the increasing concerns over the health
hazards associated with the presence of lead in the
environment, very substantial efforts are being made
to eliminate lead-base solders. The Ag-In system is
one of the basic systems for the development of the Pb-
free micro-solder alloys. The phase diagram of the Ag-
In system was assessed by Baren,1 as shown in Fig. 1.
The intermediate phases—z (hcp), g (D83:Ag2In),
b (A2), and j (C16:AgIn2)—were identified by Weibke,2
Hellner,3 Frevel and Ott,4 as well as by Campbell.5
However, very few data on the phase boundaries and
the reactions involving z phase have been reported.
The thermodynamic properties of this system were
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The phase boundaries of the Ag-In binary system were determined by the
diffusion couple method, differential scanning calorimetry (DSC) and metallo-
graphic techniques. The results show that the region of the z (hcp) phase is
narrower than that reported previously. Thermodynamic calculation of the Ag-
In system is presented by taking into account the experimental results obtained
by the present and previous works, including the data on the phase equilibria
and thermochemical properties. The Gibbs energies of liquid and solid solution
phases are described on the basis of the sub-regular solution model, and that of
the intermetallic compounds are based on the two-sublattices model. A consis-
tent set of thermodynamic parameters has been optimized for describing the
Gibbs energy of each phase, which leads to a good fit between calculated and
experimental results. The maximum bubble pressure method has been used to
measure the surface tension and densities of liquid In, Ag, and five binary alloys
in the temperature range from 227∞C to about 1170∞C. On the basis of the
thermodynamic parameters of the liquid phase obtained by the present optimi-
zation, the surface tensions are calculated using Butler’s model. It is shown that
the calculated values of the surface tensions are in fair agreement with the
experimental data.
Key words: Phase diagram, thermodynamic calculation, surface tension,
Pb-free solder
also investigated by Kleppa,6 Orr and Hultgren,7
Nozaki,8 Beja,9 Alcock,10 Castanet,11 Predel and
Schallner,12 Masson,13 Alcock,14 Kameda,15 Qi,16 and
Bienzle and Sommer.17 A thermodynamic assessment
of this system was carried out by Kornenhen and
Kivilahti;18 however, a good agreement was not ob-
tained between calculated and experimental results
with regard to the phase equilibria associated with z
phase.
The surface tension, which is one of the critical
physical properties of solder, is important for the
development of solder alloys. Detailed investigations
on the surface tension of the liquid phase in the Ag-In
system were not found.
The purpose of the present study is (1) to determine
the phase equilibria on the basis of the diffusion
couple method, differential scanning calorimetry
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Fig. 1. Phase diagram of the Ag-In binary system.1
Fig. 2. Microstructure and concentration profile of the Ag-15at.%In/In
diffusion couple annealed at 250∞C for 216 h.
(DSC), and metallography; (2) to assess thermody-
namically the phase diagram of the Ag-In system
based on the experimental data; (3) to perform the
measurements of the surface tension and densities of
the liquid phase by the maximum bubble pressure
method; and (4) to predict the surface tension of the
liquid phase using the optimized thermodynamic
parameters with the aid of Butler’s method.19
EXPERIMENTAL PROCEDURE
Determination of Phase Equilibria
Binary Ag-In alloys were prepared using pure Ag
(99.99%) and In (99.99%) by melting under an argon
atmosphere. All alloys were homogenized at different
temperatures from 180∞C to 600∞C and then quenched.
The microstructures of specimens were examined by
optical microscopy after heat treatment. A
(H2O:28%NH3:H2O2=1:1:1) solution was used as the
etchant for metallographic examination. The equilib-
rium compositions were determined by electron probe
microanalysis (EPMA) using specimens with two-
phase structures. A solid/liquid diffusion couple Ag-
15at.%In / In was also used to determine the phase
equilibria at different temperatures in a wide range of
composition. The methods of preparation of diffusion
couples and of examination of the phase equilibria
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Fig. 3. Two-phase microstructure of the Ag-50at.% In alloy annealed
at 300∞C for 48 h.
Fig. 4. DSC heating curve of the Ag-22.5 at.% In alloy.
Fig. 5. Calculated phase diagram in comparison with the experimental
data.
were identical to those described in our previous
paper.20 The prepared diffusion couples were sealed in
transparent quartz capsules and equilibrated in the
temperature range from 250∞C to 600∞C for 1.5–20
days and then quenched into iced water. Equilibrium
compositions can be obtained by extrapolating the
concentration profile curves to the interface bound-
ary. Liquidus temperatures and phase transforma-
tion temperatures were also determined by DSC ex-
periments, which were carried out in an atmosphere
of flowing argon. The samples were heated and cooled
at rates of 0.5–5∞C/min using sintered Al2O3 as the
reference specimen, and the data are taken from the
heating curve.
Measurements of Surface Tension and Density
The maximum bubble pressure method has been
used to measure the surface tension of In, Ag, and five
of their binary alloys with indium concentrations of
20, 35, 45.4, 58, and 80 at.% in the temperature range
from 227∞C to about 1170∞C, with the range depend-
ing on the composition of the investigated alloy. This
method is based on the Laplace equation describing
the relation between surface tension, s , radius of
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Fig. 7. Chemical potential of In in the fcc phase in the Ag-In system.
Fig. 6. Enthalpy of mixing of the solid phase in the Ag-In system.
Fig. 9. Enthalpy of mixing of the liquid phase in the Ag-In system.
Fig. 8. Activity of In in the liquid phase in the Ag-In system.
capillary, r, and the pressure required to form and to
detach the gas bubble from the end of the capillary.
When the capillary is immersed at the depth, h, the
approximate value of the surface tension, s,  is calcu-
lated from the following equation, taking the hydro-
static pressure of liquid into account:
  
s r r= ◊ -rg h hm m c c2
( ) (1)
where: g denotes the acceleration of gravity, h is the
difference of the height of manometric fluid before
and after introducing the capillary to the depth (hc),
rm, and rc are the densities of manometric fluid and
the liquid metal (kg◊m–3), respectively.
The precise values of surface tension were calcu-
lated by the Sugden’s method21 based on the tables
produced by Bashforth and Adams.22
Densities of In and Ag were measured by dilatomet-
ric method, and those of the Ag-In alloys were calcu-
lated from the difference of the pressures measured at
two depths by capillaries immersed at the same time
that the measurements of the surface tensions were
made.
Each alloy was separately prepared by melting
metals in the protective atmosphere of high-purity
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Fig. 10. Surface tension of pure In of this study (solid circles) in
comparison with various references.
Fig. 12. Temperature dependence of the surface tensions of the liquid
Ag-In alloys. Symbols: experimental data of this study. Solid lines:
average from linear equations.
Fig. 11. Surface tension of pure Ag of this study (solid circles) in
comparison with various references.
Ar+20 vol.% H2 mixture. Alloys were analyzed by the
atomic absorption method and used for surface tension
measurements in the same protective atmosphere.
THERMODYNAMIC MODELING
Description of Gibbs Energy
Liquid and Solid Phases
The Gibbs energies of liquid z and Ag solid phases
are described by the sub-regular solution model with
the Redlich-Kister polynomial23 as follows:
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Ag InL ,
f  is the temperature-dependent param-
eter optimized on the basis of the available thermody-
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Fig. 13. Temperature dependence of the densities of the liquid Ag-In
alloys. Symbols: experimental data of this study. Solid lines: average
from linear equations.
namic and phase diagram data. The b (bcc) phase is
not considered because of the very small solubility,
and the solubility of Ag in In is not taken into account
in the present assessment.
Stoichiometric Compounds
The solubility of the compound phases in this sys-
tem is very narrow and is not clearly determined
according to the literature. In the present assess-
ment, the g (Ag2In) and j (AgIn2) phases are treated
as stoichiometric compounds. Then, the Gibbs energy
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where   DGAg In
f
m n
 represents the Gibbs energy of forma-
tion per mole of atoms of the AgmInn compound and is
expressed by the following equation:




The lattice stabilities of pure elements were taken
from Ref. 24.
Description of Surface Tension
The expression for the surface tension of the Ag-In
binary liquid alloy on the basis of the Butler’s model19










































































where R is the gas constant, T is absolute tempera-
ture, si is the surface tension of a liquid phase of pure
element i, and Ai is the molar surface area in a
monolayer of liquid i (i =Ag, In).   xIn
S  and   xIn
B  are the
atomic fractions in the surface and bulk, respectively.
Ai can be obtained from
  A L N Vi i= ◊ ◊0
1 3 2 3 (6)
where N0 is Avogadro’s number and Vi is the molar
volume of liquid i. L is usually set to be 1.091 for liquid
metals assuming the close package structure of mono-
1126 Moser, Gasior, Pstrus, Zakulski, Ohnuma, Liu, Inohana, and Ishida
Fig. 14. Isotherms of the density of the Ag-In liquid alloys calculated at
800∞C and 1100∞C. Thick lines show the polynomial description of the
values of the density (symbols) calculated from equations in Table VI
and thin dashed lines present linear changes.
Fig. 15. Isotherms of the molar volume of the Ag-In liquid alloys
calculated at 800∞C and 1100∞C. Symbols show the values calculated
based on the density equation gathered in Table VI, thick lines show
values calculated from polynomial description of the density, and thin
dashed lines present the molar volume of ideal solutions.
layer.   G T xi
E S
In
S, ( , ) and   G T xi
E B
In
B, ( , )   represent the
partial excess Gibbs energy of element i in the surface
and bulk phases, respectively. Following relationship
between the partial excess Gibbs energies in the bulk
and surface phases was proposed:







B, ,( , ) ( , )= ◊b (7)
where b is a parameter corresponding to the ratio of
the coordination number in the surface phase to that
in the bulk phase, and was estimated to be b = 0.83 for
liquid metals by Tanaka et al.25
The method for calculating the surface tension of
liquid alloys proposed by Tanaka et al.25 is used in
the present calculation. The excess partial Gibbs
energy   G T xi
E B
j




A typical example of the microstructure and con-
centration profile of the Ag-15at.%In / In diffusion
couple annealed at 250∞C for 216 hours is shown in
Fig. 2, in which four phase boundaries of the (Ag)/ z /
Ag2In / z / liquid layer structure can be clearly ob-
served. The phase equilibrium compositions can be
obtained by extrapolating the curves of the concentra-
tion profiles to the interface boundaries. Figure 3
shows the two-phase microstructure of the liquid and
z of the Ag-50at.% In alloy annealed at 300∞C for 48
hours. DSC heating curve of the Ag-22.5at.% In alloy
is presented in Fig. 4. DSC results show that there are
two invariant reactions at 671∞C and 694∞C, which
may correspond to the L + (Ag) ´ b and b + (Ag) ´ z
reactions, respectively, reported in previous works.
These results support the existence of a b (bcc) phase
with small solubility. The experimental results ob-
tained in the present work are summarized in Tables
I and II. The experimental data from the diffusion
couple are in good agreement with those from two-
phase alloys and DSC. By comparing the phase dia-
gram reported in the previous works, the liquidus
lines are basically in agreement with each other.
However, a main difference is that the region of the z
phase is narrower than that reported before.
The evaluation of thermodynamic parameters has
been made using the computer software PARROT
developed by Sundman et al.26 The parameter of the
liquid phase was optimized first using the activity
and enthalpy of mixing reported in the previous
investigations,6,9–11,15,16 and then the parameter of the
fcc phase was fitted based on the activity, enthalpy of
mixing, and Gibbs energies reported in the previous
works,6,12–14 as well as the data for the phase bound-
aries between the liquid and fcc phases. Thermody-
namic parameters of other phases were evaluated by
taking account of the phase equilibria determined by
the present work. All the optimized parameters are
listed in Table III. Figure 5 shows the calculated
phase diagram compared with the experimental
data.2, 5, 27-29 The calculated invariant reactions are
compared with the experimental data, as listed in
Table IV. The comparisons of the thermodynamic
properties of enthalpy of mixing in the solid phases,
chemical potential of In in the fcc phase, both the
experimental and calculated results on the activity of
In and the enthalpy of mixing in the liquid phase are
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Fig. 17. Isotherms of the liquid Ag-In alloys at 800∞C and 1100∞C.
Symbols: experimental data of this study. Solid lines: calculated
results by Butler’s method from optimized thermodynamic parameters
with b = 0.83.
Fig. 16. Temperature dependence of the surface tension of the liquid
Ag-In alloys. Symbols: experimental data of this study. Solid lines:
Calculated results by Butler’s method from optimized thermodynamic
parameters with b = 0.83.
shown in Figs. 6 to 9, respectively. It is seen that fair
agreement is obtained for not only phase equilibria
but also thermodynamic properties.
Surface Tension and Density
The results obtained for the surface tensions of In
and Ag are presented in Figs. 10 and 11, and com-
pared with the data from the literature.30–43 The
results of the Ag-In alloys examined are shown in
Fig. 12. Application of least squares fit to the values
obtained for the surface tensions is presented in Table
V with standards errors for values calculated at
900∞C. The results show that addition of In reduces
the surface tension of pure Ag facilitating wetting.
Data obtained for densities were averaged by the
least squares method and presented in Table VI with
errors at 900∞C. The temperature dependence of den-
sities is presented in Fig. 13 and the isotherms of the
density and the molar volume of the Ag-In liquid
alloys are shown in Figs. 14 and 15.




obtained from the above assessed thermodynamic
parameters, the surface tension of the liquid phase
was calculated from Eq. 5.
A comparison of the calculated and experimental
results for the surface tension is shown in Figs. 16 and
17. Differences of about 50 mN/m are observed for the
Ag-20at.% In alloy in the temperature range from
about 750∞C to 1025∞C, while they are equal to about
7% for the measured values. For the other alloys an
agreement is much better and generally lower than
3%. The same conclusion can be derived, analyzing
the isotherms shown in Fig. 17.
CONCLUSIONS
The phase diagram in the Ag-In system was experi-
mentally determined by EPMA and DSC measure-
ments. The results show that the region of z phase is
narrower than that reported before. A thermody-
namic assessment of this system is also presented
based on the experimental data including thermody-
namic properties and phase equilibria.
The surface tensions and densities of the liquid
phase in the Ag-In system were measured using the
maximum bubble pressure method, and the calcula-
tion of the surface tension of the liquid phase was
performed on the basis of Butler’s model. A reason-
able agreement between the calculated and experi-
mental results was obtained.
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